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Stomata play a crucial role in productivity and survival of land plants by regulating photosynthesis, respiration and transpiration through
controlling exchanges of CO2, O2 and water vapour between the interior of the leaf and the atmosphere. Stomatal clusters (groups of two or more
stomata that make direct contact) have been found only in a few plant species to data, while stomatal clustering has been found to be a very
common phenomenon in Cinnamomum camphora in our observations. The ontogeny of stomatal clusters, their distribution on leaves and their
density under different soil moisture conditions were surveyed. The results showed that: (1) the developmental pathway of stomatal clusters is
similar to that of loss-of-function mutations in four lips (FLP) mutants that may result in additional divisions of guard mother cells (GMCs); (2)
stomatal clustering occurs along the veins, and the leaf bases have the most stomatal clusters; and (3) there is a negative relationship between
stomatal cluster density (SCD) and soil moisture (SM). Therefore stomatal clusters are probably able to assist in water conservation.
© 2006 SAAB. Published by Elsevier B.V.Keywords: Cinnamomum camphora; Distribution pattern; Soil moisture; Stomatal cluster1. Introduction
Stomata regulate photosynthesis, respiration and transpi-
ration by controlling gas exchange (CO2, O2 and water
vapour) between the interior of the leaf and the atmosphere
(Brownlee, 2001; Hetherington and Woodward, 2003;
Nadeau and Sack, 2003; Bergmann, 2004), and thus play a
crucial role in productivity and survival of land plants. A
stomatal cluster is a term for a group of two or more stomata
that make direct contact (Serna and Fenoll, 2000, 2002).
Stomatal clustering has been found to be a very common
phenomenon in Cinnamomum camphora in our observations
(the structure is shown in Fig. 1). Based on previous studies,
it is well known to the scientific community that (1) stomata
are the key experimental tool to investigate plant response to
environmental changes (Hetherington and Woodward, 2003;
Macfarlane et al., 2004); (2) stomata are usually scattered on
the epidermis of leaves and separated from one another by a⁎ Corresponding author.
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doi:10.1016/j.sajb.2006.03.006stomata-free region (Tang et al., 2002; Bergmann, 2004);
while stomatal clusters have been found only to be present in
certain mutants such as TMM, SDD and FLP (Yang and
Sack, 1995; Serna and Fenoll, 2000; Serna et al., 2002;
Bergmann, 2004), and in some vascular plant species
growing in their natural environment such as BegoniaFig. 1. Stomatal cluster structure in Cinnamomum camphora (shown by arrow).
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ceae) and Sedum (Crassulaceae) (Tang et al., 2002); (3) the
developmental pathway of stomata has already been
ascertained based on research in Arabidopsis (Serna and
Fenoll, 2000; Serna et al., 2002; Nadeau and Sack, 2002,
2003). However, little was known about events and
molecular pathways required for stomatal clustering until
recently. We designed experiments in order to investigate the
distribution of stomatal clusters on leaves and the ontogeny
of stomatal clusters in C. camphora.
Our hypothesis is that stomatal clustering is affected by
environmental factors and our purpose was to investigate the
phenomenon of stomatal clusters in C. camphora. Experiments
were designed and conducted for: (1) investigating the
distribution of stomatal clusters on leaves; (2) studying
development of stomatal clusters over time on young to mature
leaves; and (3) surveying stomatal clustering in different soil
moisture environments to research stomatal responses to
changes in the soil water environment.Fig. 2. Developmental progress of stomatal clustering in leaves ofCinnamomum camph
appeared after about oneweek (B). Later many small stomata arranged around existing s
three stomatawhichwere in direct contactwith one another on the leaf surface (shownwi
(shown with a broken arrow in F).2. Materials and methods
2.1. Study area description
Hangzhou, the capital city of Zhejiang Province, is located in the
middle of the eastern coastline (the Delta of the Yangtze River) in
China (north latitude 29°11'−30°34' and east longitude
118°20'−120°37'). The population and surface area are 3.65 mil-
lion and 3068 km2, respectively. It has a warm and humid climate
with four distinct seasons, sufficient sunshine and plenty of rainfall.
The mean annual temperature is 15.0 °C−17.7 °C and the average
annual rainfall is 1100−1600 mm.
2.2. Plant materials
C. camphora is a dense broadleaved evergreen that is capable
of growing 15−46 m tall and spreading to 5 m in diameter. The
shiny foliage is made up of alternate 2−10 cm oval leaves
dangling from long petioles. Each leaf has three distinctora. Epidermal cells are orderly arranged in very young leaves (A), several stomata
tomata are found on the epidermis (C, D). At about one-month old, we found two or
th a solid arrow inE and F). There are even new stomata developed onmature leaves
Fig. 3. Stomatal distribution on leaves in Cinnamomum camphora. The data of
SD (stomatal density), SI (stomata index) and SCD (stomatal clusters density)
are shown in (A), (B) and (C), respectively. The error bar shows the mean±S.D.,
n=6.
Fig. 4. Relationship between stomatal clustering and soil moisture (SM). The
figure indicates that SD and SI in Cinnamomum camphora change little as soil
moisture increases (Sig.>0.05, n=26; A, B), while SCD shows a negative
relationship with soil moisture (Sig.=0.001<0.01, n=26; C). The error bar
shows the mean±S.D.
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3000 mm2−6000 mm2. The flowers are borne in the spring on
branches, and are followed by large crops of fruit comprised of
round pea−sized berries. This species comes from China, Japan,
Korea, Taiwan and adjacent parts of East Asia, where it grows in
mesic forests and on well-drained sites.
2.3. Sampling and replica preparation
To study the development of stomatal clusters on leaves, we
sampled ten leaves on the south side of each of the six trees. Each
time young to mature leaves were collected at time intervals of
seven days from March to June 2004 on Huajiachi campus,
Zhejiang University, Hangzhou, China. Old mature leaves and
newlymatured leaveswere selected inMarch and June respectively
to quantify the stomatal distribution.Twenty six sites throughout Hangzhou were selected. At each
site six trees were selected and ten leaves on the south side of each
tree were collected in June 2004. The soil moisture (SM) of the
upper soil (0−15 cm) in each site was measured with an HH2
moisture meter equipped with a W. E. T. sensor (Delta-T Devices
Ltd., UK).
Replicas of the abaxial surface of leaves were prepared by
applying clear nail polish to the surface and peeling the film off
when dry. The casts were mounted for examination by light
microscopy. In accordance with the method used by Tang et al.
(2002), clear nail polish was spread onto whole leaves to study the
stomatal distribution pattern or for comparisons. Squares of
2 mm×2 mm in area were taken from the replica intervals of
2 mm or 3 mm and studied by light microscopy.
We derived tree indices including stomatal density (SD),
stomatal index (SI) and stomatal clusters density (SCD). The SD
was calculated as the number of stomata per square millimetre of
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the sum of the number of epidermal cells and number of stomata.
The SCD was calculated as the number of stomata in stomatal
clusters per square millimetre.
2.4. Statistical analysis
All data were plotted usingMicrosoft Excel XP and each value
of mean with standard deviation (S.D.) in the figures representing
measurement of replications of six trees. The significant
difference analyses between the parts of leaves and the different
sample timeswere performed usingANOVA, and the relationship
between SM and stomatal traits using correlation analysis. All
data were analyzed statistically with SPSS11.5 for Windows.
3. Results and discussion
3.1. Developmental progress of stomatal clustering
The development of stomatal clustering in newly formed to
mature leaves of C. camphora is shown in Fig. 2. There are no
stomata present on the epidermis of newly formed leaves, and
the cells are orderly arranged (Fig. 2A). With the growth of the
leaves, several stomata appeared on the epidermis after about
one week, but very few on the leaf surface except along the
veins. The stomatal density (SD) is only 25.6 stomata per mm2
(Fig. 2B). Later many small stomata appeared on the epidermis.
During this time the SD was up to 455.7 stomata per mm2 (Fig.
2C). What is interesting is that the newly formed small stomata
were orderly arranged around existing stomata (Fig. 2D). About
one month later, the phenomenon of two or three stomata
connected to one another directly were found on the leaf surfaceFig. 5. Stomatal clustering in Cinnamomum camphora. Initiation involves meristenm
meristemoid (M). After three asymmetric divisions, theM converts to a guard mother cell (
symmetrically once more, and terminally differentiate to stomatal clusters.(Fig. 2E). There were even new stomata developed on mature
leaves (Fig. 2F).
Based on observations, the pathway of stomatal develop-
ment was found to be very similar to that of loss-of-function
mutations in four lips (FLP) mutants which resulted in
additional divisions of guard-cell mother cells (GMCs) (Yang
and Sack, 1995; Bergmann, 2004). A sketch map of stomatal
clustering in C. camphorawas drawn according to the stomatal
developmental pathway of Nadeau and Sack (2002) (Fig. 5).
Initiation of stomatal development involves the formation of a
meristemoid mother cell (MMC), that then divides asymmet-
rically producing a meristemoid (M) and a larger sister cell
(Nadeau and Sack, 2002, 2003). After three asymmetric
divisions, M converts to a GMC, or during the course of
divisions, the M at each step can convert to a GMC. The
developmental pathway shown in Fig. 5 is considered the
normal way, where a stoma or a precursor is produced with
three or more neighbour cells (NCs). This developmental
pathway highlights the importance of asymmetric divisions in
creating a minimal one-cell spacing pattern.
A NC is considered to be any cell which will develop into a
stoma or a precursor (Nadeau and Sack, 2003). Symmetric
division of GMC is then found to produce a stoma (S), and
GMCs can divide symmetrically once more, and terminally
differentiate to stomatal clusters. However, the mechanism that
controls this pathway is still unknown. Pavement cells (PCs)
make up a second type of terminally differentiated epidermal
cells (not shown in the figure), and they could turn into the
stomatal pathway again to renew division and form new Ms.
These can then form more stomata or stomatal clusters in
mature leaves in reaction to environmental changes (Figs. 2F
and 3C).oid mother cell (MMC) selection, followed by asymmetric division producing a
GMC). Symmetric division of the GMC produces a stoma (S), andGMCs can divide
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Stomatal distribution on leaves was studied with the mate-
rial sampled in March when leaves had gone through a winter
and in June when they had just matured. The results indicated
that: stomata were distributed symmetrically along the main
veins of C. camphora (data not shown). There is a consistent
distribution pattern with SD gradually increasing from the
edges to the middle parts and from the base to the tips. There
were significant differences in SD between different leaf parts
(Sig.=0.000<0.01, n=6; Fig. 3A), but not as far as stomatal
index (SI) (Sig.=0.320>0.05, n=6; Fig. 3B) is concerned.
There was a larger stomatal cluster density (SCD) along the
main veins. As a result, stomatal clusters were denser at the
middle parts than at the edges, and basal parts had a higher
SCD than the tips with the difference between them being
significant (Sig.=0.015<0.05, n=6) (Fig. 3C). The trend of
SCD is base> middle>edge>tip (Fig. 3C). This data was
obtained from leaves sampled in June; leaves sampled in
March show the same trends, but there is no difference in
SCD between different parts with Sig.=0.054>0.05 (n=6).
There is a higher SD, SI and SCD in leaves which were
sampled in March than those sampled in June with a significant
difference (Sig.=0.000<0.01, n=6) (Fig. 3A, B, C). Comparing
the results of the two sample times, it can be concluded that there
were more stomata and stomatal clusters on leaves which had
come through a winter.
3.3. Relationship between stomatal clustering and soil moisture
The relationship between stomatal clustering and soil
moisture (SM) is shown in Fig. 4. The figure indicates that SD
and SI in C. camphora change little as soil moisture increases
and there are no obvious relationships between SD or SI and SM
with Sig. being 0.730 and 0.855, respectively (Fig. 4A, B).
However, SCD shows a significant negative relationship with
soil moisture with Sig.=0.001<0.01 (Fig. 4C). SD fluctuates
between 400 and 600 stomata per mm2, and the SI is around
0.28, mostly lower than 0.3 (one at 38.8% SM is 0.35). The
relationship between SCD and SM is y=−0.397x+25.097
(R2 =0.3685, Sig.=0.001, n=26).
The results of our experiments indicated that there is a
negative relationship between stomatal density in clusters (SCD)
and soil moisture (SM) (Fig. 4C). Leaves come through winter
with a larger SD, SI and SCD (Fig. 3). Stomatal clusters are
therefore probably able to assist in water conservation, and may
be one of the adaptive traits for plants to grow in adverse
environmental conditions such as drought. Hoover (1986)
studied the relationship between stomatal traits and environ-
mental conditions in two Begonia species (B. heracleifolia and
B. nelumbiifolia) with stomatal clusters. Populations growing
on rocks near waterfalls had larger stomatal clusters than those
growing on soil substrates. Haefner et al. (1997) devised a
spatially explicit model of patchy stomatal responses to
humidity. Research on 16 species of Begoniaceae, showed thatEdited by C Whiteheadleaves of plant species with singly−occurring stomata mostly
had a simple (uniseriate) epidermis, whereas those with stomatal
clusters more often had amultiple (multiseriate) epidermis (Tang
et al., 2002). A multi-epidermis is regarded as a structure which
can prevent excessive moisture loss in plants. The results of this
study, however, indicated that C. camphora leaves have a
uniseriate epidermis. We therefore conclude that the unusual
distribution pattern of stomatal clusters should decrease plant
transpiration when compared with the common pattern of
individually spaced stomata.
4. Conclusions
(1) The developmental pathway of stomatal clusters is similar
to that of loss-of-function mutations in four lips (FLP)
mutants that may result in additional divisions of guard
mother cells (GMCs).
(2) Stomatal clustering occurs along the veins. The leaf bases
have the most stomatal clusters, and there are more stomata
and stomatal clusters on leaves which came through winter.
(3) There is a negative relationship between stomatal cluster
density (SCD) and soil moisture (SM), and stomatal
clusters are probably able to assist in water conservation.
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